RIMARY malignancies involving the lateral skull base are rare, with an estimated annual incidence of 6 cases per million persons. 30, 38 Consequently, therapeutic strategies remain controversial, particularly for advanced tumors. 30 Historically, these lesions were considered unresectable due to intricate neurovascular structures within the temporal bone. In 1954, the pioneering work of Parsons and Lewis 27 introduced the concept of subtotal en bloc resection of the temporal bone. In their initial series of 100 cases, the 5-year cure rate remained poor (27%) and the surgical mortality rate was relatively high (5-10%).
remains technically difficult, and the overall patient survival rate remains poor.
Given that the lateral skull base is a complex region, radical surgery for malignant tumors in this area often requires the participation of surgeons from several disciplines, such as head and neck surgery, neurosurgery, and plastic surgery, to obtain the best results. 5, 9 In particular, the role of the neurosurgeon is important in achieving en bloc resection with a tumor-free margin, as medial structures can be directly approached via craniotomy while leaving the whole lateral temporal bone in situ.
At our institution, a multidisciplinary team performed 17 radical TBRs for advanced lateral skull base malignancies between 1994 and 2006. During this period, surgical modifications and cooperation among surgeons improved the probability of successful radical resection. The objectives in the current study were to analyze data in patients who had undergone radical TBR, to describe the surgical technique used with emphasis on its neurosurgical aspects, and to offer treatment recommendations based on these results.
Clinical Material and Methods

Patient Population
We retrospectively reviewed the records of 17 patients with lateral skull base malignancies who had undergone total or subtotal TBR between 1994 and 2006 ( Table 1) . The group consisted of 10 male and 7 female patients, with an age range of 9-73 years (mean 53 years) at the time of the operation. The most frequent histological subtype was SCC (9 patients), followed by adenoid cystic carcinoma (4 patients), carcinoma ex pleomorphic adenoma (1 patient), adenocarcinoma (1 patient), Ewing sarcoma (1 patient), and myoepithelial carcinoma (1 patient). The origin of the tumor was the EAC in 7 patients, the middle ear in 4, the parotid gland in 5, and the temporal bone in 1. Eight patients had local recurrence of tumors that had been treated at other hospitals by using local surgery, mostly combined with radiotherapy. All patients except 1 (Case 10; lost to follow-up after 2.9 years) were followed up until death or the end of the study, with follow-up periods ranging from 0.3-11.6 years (mean 3.3 years).
Preoperative Imaging
Magnetic resonance imaging and x-ray CT scanning with contrast enhancement were performed to delineate tumor extension and bone destruction. Carotid artery angiography was also performed to evaluate tumor stain, jugular vein dominancy, and collateral flow through the circle of Willis. In selected cases in which the tumor extended to the carotid canal, a balloon occlusion test was performed to assess the risk of ICA sacrifice. If the patients clinically tolerated 20 minutes of ICA occlusion and the hemodynamic study using single-photon emission CT with technetium99m hexamethylpropyleneamine oxime showed no side difference, we concluded that the ICA sacrifice was safe. In other patients, revascularization with a radial artery graft was planned in case of injury or sacrifice. In the current series, however, the ICA was not directly invaded by the tumor and was successfully preserved in all cases. To exclude systemic metastasis, whole-body CT scanning or fluorine-18-labeled fluorodeoxyglucose-positron emission tomography was conducted. When these imaging studies disclosed distant metastasis, the indication for radical tumor resection was suspended.
Tumor Grading
No uniform tumor grading has been established for temporal bone malignancy, so we used the grading system established by the University of Pittsburgh (Table 2) , which was originally proposed for SCCs of the EAC and based on preoperative CT. 1, 13 In the current study, grading was determined using preoperative MR imaging to delineate tumor extensions more precisely.
Surgical Technique
Patients underwent either subtotal or total TBR, depending on the location and extension of each tumor. Stereotactic navigation systems are now increasingly used in cases of deep-seated brain lesions and can also be useful for TBRs; however, we did not use the navigation system, because the navigation frame often limits access to the tumor margin from various angles and because anatomical orientation is easily achieved using normal osseous landmarks outside the resection line.
Subtotal TBR. After lumbar drainage, the patient was placed supine. A large C-shaped skin incision was made to expose the frontotemporosuboccipital bone, while leaving the tumor-invaded skin and soft tissue in situ. The lower CNs, ICA, and internal jugular vein were secured in the neck. The ramus of the mandible was cut in cases of tumors involving the temporomandibular joint and infratemporal fossa, and a large frontotemporosuboccipital craniotomy was preformed. When dural invasion was suspected, the involved dura mater was resected and left attached to the tumor, and the defect was repaired with the free fascia lata graft. After sufficient lumbar drainage, the carotid canal was first identified in the middle fossa, and bone drilling was extended laterally to the infratemporal fossa while exposing the petrous ICA. Medial bone drilling was initiated from the carotid canal posteriorly, traversing the cochlea and internal auditory canal to the posterior fossa. Thereafter, the sigmoid sinus was dissected from the temporal bone without mastoidectomy, and the bone drilling line from the middle fossa was continued laterally to the jugular foramen. The remaining osseous septum was cut with a chisel, and the tumor was removed en bloc. If tumor remnants were suspected, additional bone or soft-tissue removal was performed. The open internal auditory canal was packed with a fascia plug, and the dead space was filled with free tissue transfer of the rectus abdominis musculocutaneous flap.
After our initial experiences with the first 8 cases, this standard subtotal TBR technique was modified to achieve complete en bloc tumor resection. For tumors extending to the jugular foramen, the foramen was opened posteriorly via the extradural route without touching the lateral wall (posterior transjugular approach), and the jugular bulb and vein were dissected from the osseous canal, leaving adjacent tumor attached to the main tumor mass (3 cases). In another patient (Case 14) in whom the tumor directly invaded the wall of the sigmoid sinus and jugular bulb, the former was ligated and the latter was directly opened intra- Table 2 ).
durally and resected along with the tumor mass. For tumors extending anteriorly to the temporomandibular joint that involved the medial and lateral pterygoid muscles, orbitozygomatic osteotomy was performed to provide a more anterior view (3 cases). Through this route, bone drilling was extended anteriorly along the carotid canal to the inferior orbital fissure by dividing the mandibular branch of the trigeminal nerve, and the pterygoid muscles were detached or cut close to the lateral pterygoid plate. This procedure allowed complete exposure of the petrous ICA to the extracranial space, while leaving the lateral tumor mass untouched. These procedures are schematically drawn in Fig.  1 , and an illustrative intraoperative view after tumor resection is shown in Fig. 2 
(Case 15).
Total TBR. In tumors extending to the petrous apex, total TBR was performed in 3 cases. Following exposure of the middle cranial fossa, the tumor around the carotid canal was first removed in a piecemeal fashion, and then standard subtotal TBR was performed. After resection of the main tumor mass, the remaining tumor and bone in the apex were removed.
Adjuvant Therapy
For patients who had been treated with radiotherapy, additional doses of radiation were administered postoperatively when possible. In the initial cases, preoperative radiotherapy of up to 40 Gy was administered in selected patients. Seven patients were treated with perioperative chemotherapy (Table 1) .
Prognostic Factors and Statistical Analysis
To analyze factors that might influence local tumor control and survival, the pathologically verified surgical margin; preoperative imaging extensions to the petrous apex, infratemporal fossa, and jugular foramen; and dural extensions were evaluated by performing a Kaplan-Meier analysis followed by univariate analysis with the log-rank test (Dr SPSS II software, SPSS, Inc.). Statistical significance was set at a probability value Ͻ 0.05. Figure 3 depicts the tumor locations including extensions, according to a pathologically verified surgical margin. Although relatively small tumors were included in this study (such as in Cases 8 and 11), most of the lesions extended upward to elevate the dura or anteriorly into the infratemporal soft tissue. As a result, all tumors except 1 (Case 8, T3) were graded as T4 ( Table 1 ).
Results
Tumor Grading and Pathological Margin
Given that large tumors extended to the petrous apex in Cases 2, 4, and 6, total TBR was performed while preserving the petrous ICA, inevitably leading to a positive surgical margin (Fig. 3A) . The patient in Case 1 harbored a large intracranial mass, which was resected in a piecemeal fashion. In Cases 5 and 7, the tumors were relatively small but involved the temporomandibular joint and pterygoid muscles; these anteriorly extending tumors were removed from the anterolateral direction in a piecemeal fashion.
After this initial experience, which resulted in poor patient survival, we introduced the orbitozygomatic osteotomy technique and achieved a negative surgical margin in Cases 15, 16, and 17. As shown in Fig. 3B , tumors in these cases were much larger than those in Cases 5 and 7. For tumors encroaching on the jugular foramen, the extradural posterior transjugular approach was combined with the standard temporal bone resection in 3 cases (Cases 9, 13, and 15). In another patient (Case 15), the tumor had invaded the lateral wall of the jugular bulb and sigmoid sinus, which was removed by the intradural route by directly opening the jugular bulb after a posterior transjugular approach. In 3 of these 4 cases, a negative surgical margin was successfully achieved; in the patient in Case 13, a small hard tumor mass attached to the fibrous band of the jugular vein was also removed.
Local Tumor Control and DSS
All patients, except 1 (Case 10), were followed up until death or the end of the study. During the follow-up period, local tumor recurrence was observed in 5 patients within the first 1.2 years (Fig. 4A) ; all of these patients died within 2 years of treatment. No local tumor recurrence was seen 2 years after surgery. The overall RFS rate was 67.5% at 5 years posttreatment.
One patient (Case 8) died following distant metastasis 6 months after surgery, despite having a negative surgical margin and good local tumor control. Another patient (Case 3) died of unrelated causes (pneumonia) without evi- dence of recurrence 5.4 years after surgery. Thus, the 5-year DSS rate was 60.1% (Fig. 4B) . No patient who survived Ͼ 2 years showed evidence of disease, with the exception of the patient in Case 5 who had relatively stable multiple lung metastases of adenoid cystic carcinoma.
Prognostic Factors
The most important local prognostic factors for temporal bone malignancy are the size and extension of the tumor, which have been graded by several authors. 1, 10, 13, 32, 34 According to the University of Pittsburgh tumor grading system, all of the lesions in the present study were graded T4 (most advanced), except 1 (Case 8); therefore, we did not include tumor grading as a potential prognostic factor.
Instead, we evaluated the effects of a pathologically verified surgical margin; tumor extension to the petrous apex, infratemporal fossa, and jugular foramen; and dural involvement on RFS and DSS (Table 3 ). Both types of survival were significantly affected by surgical margin and petrous apex extension. None of the patients with a negative surgical margin (10 patients) had a local recurrence, and all of them had a 5-year RFS rate of 100%; those with a positive surgical margin (7 patients) had a local recurrence within 1.2 years posttreatment and a 5-year RFS rate of 29% (p = 0.003; Fig. 4A) . Similarly, the 5-year DSS rates in patients with negative and positive surgical margins were 89 and 29%, respectively (p = 0.03; Fig. 4B ).
All patients with petrous apex extensions (3 patients) who had undergone total TBR had a local recurrence within 1.2 years postsurgery and died within 2 years of surgery; those without petrous apex extensions had RFS and DSS rates of 84 and 75%, respectively, 5 years after treatment (p = 0.004 and p = 0.006, respectively). The 3 other factors evaluated had no significant effect on RFS and DSS, although jugular foramen extensions were marginally significant in DSS (Table 3) .
Surgical Complications
The surgical complications are shown in Table 1 with resultant postoperative dysphagia. No other new neurological deficits were noted postoperatively. Severe infections developed in 2 of the initial 8 cases. In the patient in Case 1, the infection may have arisen from the dead space that remained after the tumor invading the brain had been resected. In the patient in Case 6, a large tumor eroding the skin had been infected preoperatively due to tumor necrosis, which resulted in severe meningitis and encephalitis. Both patients were successfully treated with antibiotic therapy. In the final 9 cases, the most severe complication was brainstem edema, which was caused by resection of the jugular bulb but subsided within 2 weeks. This patient suffered no permanent brainstem symptoms. The overall and major surgical complication rates, unrelated to a planned sacrifice of CNs, were 29 and 18%, respectively. None of the patients died of surgical complications.
Discussion
Primary malignancies involving the lateral skull base originate from sites such as the EAC, middle ear, and petrous bone or extend from the parotid gland. The rarity, histological heterogeneity, and anatomical complexity of these lesions make direct comparisons difficult, although they have been made easier by the proposal of several preoperative staging systems. 1, 10, 21, 28, [32] [33] [34] Recent studies in which these classifications have been used are summarized in Table 4 , as are the treatment modalities and outcomes. The University of Pittsburgh grading system proposed by Arriaga et al. 1 and Hirsch 13 is most frequently applied to the various malignancies and was used in the present study ( Table 2) .
As expected, the prognosis of small or early-grade tumors was excellent, with long-term survival rates of usually Ͼ 70%, regardless of the grading system (Table 4) . However, the outcome in patients with advanced tumors was poor, with survival rates ranging from 0-50%. Focusing solely on University of Pittsburgh grading studies, the 5-year survival rates for T4 or Stage 4 tumors were 16-41%. 24, 26, 29, 35, 38 Therefore, the overall 5-year survival rate of 60% in patients with advanced tumors in the present study compares favorably.
Most treatments for these malignancies are a type of TBR. The extent of resection must be tailored to the location and extension of the tumor, which is basically classified into 4 types (for a review, see Willging and Pensak 37 ). Canal or sleeve resection via cortical mastoidectomy is used for lesions confined to the cartilaginous portion of the EAC and can be extended to include the total osseous canal lateral to the stapes (lateral or partial TBR). Subtotal TBR is indicated for tumors extending into the mastoid or middle ear (T3 tumors) or much larger and more extensive lesions (T4). The principle of this en bloc procedure was first described by Parsons and Lewis. 27 For tumors extending to the petrous apex, total TBR is often indicated, and resection of the apex is inevitably piecemeal.
En bloc resection has been used for extensive tumors in the majority of recently reported studies (Table 4) , with subtotal TBR documented in Ͻ 12 cases in these studies, except in those by Goodwin and Jesse 10 and Moffat et al. 24 Moreover, because of difficulties with en bloc resection, some lesion parts have been resected in a piecemeal fashion, as described by Moody et al. 25 and McGrew et al. 22 Accordingly, most outcomes following en bloc resection of Grade T4 tumors remain poor and are comparable to outcomes in other studies of piecemeal gross-total resection. 4, 16, 39 Despite these difficulties, en bloc resection with a tumor-free margin is reportedly a major prognostic indicator of excellent long-term survival ranging from 75-100% at 5 years posttreatment. 2, 10, 25, 26, 29, 38 Compare this rate with that in patients with a positive surgical margin, who usually die within 2 years posttreatment. Thus, the most critical issue for improving long-term outcome in patients with Grade T4 tumors appears to be enhancing en bloc resectability.
Our initial experience with extensive tumors (Grade T4) was similar in that en bloc resection with a tumor-free margin was technically difficult and led to poor patient survival. To overcome this trend, we introduced 2 methods. The first method was orbitozygomatic osteotomy, which allowed wider access to intracranial skull base lesions while minimizing brain retraction. 7, 12 This technique, which was later modified and renamed the "orbitozygomatic infratemporal fossa approach," 12, 18 also provided a wider view of the infratemporal fossa, 14 particularly from the anterior direction. Performing an anterior or infratemporal tumor resection reportedly has been associated with a poor prognosis. 21 By using this technique in the present study, we achieved en bloc resection of tumors extending into the infratemporal fossa with a negative surgical margin, and these lesions were larger than those in previous cases.
The second method was the direct posterior approach to the jugular foramen without entering the mastoid process. A popular technique in the field of otolaryngology is the infralabyrinthine approach through a partial mastoidectomy, 17 which leads to tumor exposure or transection of large Grade T4 tumors extending to the jugular foramen. In the neurosurgical literature, however, the posterior approach as an extension of a suboccipital craniotomy without mastoidectomy, which provides an advantage in lateral base malignancies, has been described by Hakuba et al., 11 Sasaki and Takakura, 31 George et al., 8 and Kawahara et al. 15 We therefore used this approach in 4 cases in the latter half of the series and achieved a negative surgical margin in 3 of these cases. The introduction of these techniques markedly improved the probability of successful en bloc resection and survival (Table 1 and Fig. 3B ). Recurrence-free survival and DSS rates 5 years after treatment in patients with a negative surgical margin were excellent (100 and 89%, respectively, vs 29% with a positive margin). Because of the high rate of negative surgical margins, the overall DSS rate 5 years after treatment improved to 60% among our series, which exceeded the rate in many previous studies (Table 4) .
Another factor associated with poor patient survival is dural invasion. In the present study, preoperative MR imaging suggested dural invasion in 8 cases. Although overt brain invasion was apparent in 1 of these cases, the tumors in the other 7 did not invade intradurally and were completely resected with a wide safety margin. Thus, dural involvement on preoperative imaging studies did not affect long-term tumor control and survival.
Lesion extension to the petrous apex is usually resected piecemeal in total TBR, and the performance of this technique is usually associated with a worse 5-year survival rate than subtotal TBR, 25 which was estimated to be 0% in a systematic review by Prasad and Janecka. 30 It is also related to the issue of ICA sacrifice, and in this regard, Brisman et al. 5 have recommended ICA sacrifice and revascularization for extensive tumors. In their study, however, only 1 patient with adenoid cystic carcinoma out of 7 who had undergone carotid sacrifice and revascularization survived Ͼ 2 years without tumor recurrence, for a major complication rate of 71%. This outcome is similar to that in the present study, in which all 3 patients with petrous apex extension who had undergone total TBR with ICA preservation died within 2 years of surgery. Based on these results, we believe that curative resection for these tumors is rarely possible and that ICA sacrifice does not improve the survival rate but rather increases the likelihood of complications.
Given the relatively high risks of en bloc surgery, piecemeal resection combined with radiotherapy has been recommended by Kinney and Wood 16 and Birzgalis et al., 4 for a survival rate of 37-45% (Table 4) studies used different classification systems, and therefore, the results cannot be compared with those in other reports. Although radiotherapy is usually combined with surgery in the treatment of such tumors, a recent study in which the University of Pittsburgh classification scheme was used revealed the limitations of conventional radiotherapy for advanced tumors, with a disappointing 5-year survival rate of 20% for Grade T4 tumors. 39 In contrast, new technologies, such as 3D conformal radiotherapy, IMRT, and charged-particle therapy, can now be applied in the treatment of various head and neck malignancies. 3 In the context of charged-particle therapy, the 5-year overall local control and survival rates have been 60 and 33%, respectively, for carbon-ion therapy 23 and 74 and 44%, respectively, for proton beam therapy. 36 Even better results have been reported following IMRT for nasopharyngeal carcinoma, in which the 3-to 4-year local control and overall survival rates have been estimated as 82-98% and 77-88%, respectively, although the follow-up period remains short. 6, 19 Based on these preliminary data, we predict that more patients will be treated using new radiotherapy alone or in combination with surgery.
However, these data should be analyzed with caution. Squamous cell carcinoma, which is the most common histological subtype, is the least responsive to charged-particle therapy (with a 5-year local control rate of 34%) and patient survival is poor, 23 indicating that the presence of some viable tumor cells can contribute to distant metastasis. 23, 36 In addition, the good IMRT results for nasopharyngeal carcinoma might not be applicable to temporal bone malignancies, as the dosage must be limited to avoid possible side effects to adjacent brain. Therefore, we still recommend radical en bloc TBR aiming for a negative surgical margin, which has the potential to produce a 5-year survival rate of Ͼ 75%. 2, 10, 25, 26, 29, 38 
Conclusions
Despite progress in skull base techniques in head and neck surgery and neurosurgery, the long-term prognosis of large lateral skull base malignancies remains poor. This poor prognosis is mostly related to the probability of en bloc tumor resection. While working as a multidisciplinary team, we have combined surgical techniques commonly used in the neurosurgical field (namely orbitozygomatic infratemporal fossa and posterior transjugular approaches) and improved the resectability of lesions and long-term survival of our patients. More active participation of neurosurgeons could further improve the probability of successful en bloc resection of these tumors. Lesions involving the brain and those extending to the petrous apex with ICA involvement still carry the worst prognosis. We believe that radical TBR is not curative in such cases and therefore should rarely be indicated. In such cases, new radiotherapies (such as IMRT or charged-particle therapy) could be used alone or in combination with less invasive palliative surgery. 
FIG. 4. Kaplan-Meier curves for RFS (A) and DSS (B)
. Negative = negative surgical margin; Positive = positive surgical margin. 
